Neurosurgeons can choose from a vast array of brain mapping techniques, each with different characteristics, limitations, and applications, to delineate the functional organization of patients' brains. Functional brain mapping modalities are divided into two broad categories: 1) those involving disruption-based techniques; and 2) those involving activation-based techniques (Fig. 1) . Disruptionbased techniques map the brain by determining the effect of lesioning (either temporarily or permanently) a specific area of the brain and thereby determining which areas are essential for execution of specific tasks. Examples include spontaneous strokes or other "accidents of nature," ECS, 57 and transcranial magnetic stimulation. 32 On the other hand, activation-based techniques map the brain by identifying all brain regions that demonstrate activityrelated changes, regardless of whether these brain regions are essential for task execution. Examples include electroencephalography, 20 fMR imaging, 14 PET, 22 OIS, 24 and near-infrared spectroscopy. 80 Although ECS mapping has emerged as the clinical gold standard for determining clinical outcomes postoperatively, 27 both disruption-and activation-based maps are probably relevant in the clinical setting.
when the patient engaged in visual activity. 25 Our understanding of the coupling between neural activity and blood flow has broadened significantly since these early reports. Other reviews have provided greater detail on this matter. 62, 79 Perfusion-dependent brain mapping takes advantage of this relationship between neuronal activity and local hemodynamic changes, or neurovascular coupling. Neuronal activity causes local hemodynamic and metabolic changes including regional vasodilation, 55 blood flow changes, 18 ,39 blood volume increases, 4,24,52 oxygen consumption, 43, 78 glucose use, 23, 72 and changes in relative hemoglobin concentrations 37, 43, 48, 49, 53, 56, 70, 78 (see Appendix 1 for a proposed model of hemodynamic events following neuronal activation). These coupled responses create secondary signals, such as changes in local magnetic fields (in the case of fMR imaging), changes in local light reflectance (in the case of OIS), and changes in tracer uptake (in the case of PET), which are detected and used as an indirect marker of neuronal activity. Each functional neuroimaging modality emphasizes distinct components of these coupled responses. For example, the BOLD fMR imaging signal is related to fluctuations in deoxyhemoglobin concentrations subsequent to functional activation; whereas OIS signals depend on changes in total hemoglobin or oxygenation, depending on the imaging wavelength.
The challenge of perfusion-based brain mapping stems from an incompletely defined relationship between electrophysiology and perfusion and significant temporal and spatial differences between electrophysiological responses and the complex cascade of the hemodynamic responses (Appendix 1).
To illustrate the complexity of interpreting these indirect measures of neuronal activity, one can conceptualize brain mapping as a series of mathematical functions (Fig.  2) . Given a stimulus x, there is a neuronal response f(x), which represents the "true" brain map. The functional perfusion response can be defined as p(f [x] ), where p defines the coupling of functional perfusion with underlying neuronal activity. The mapping signal is yet another function, and it can be defined as g(p [f{x}] ). The function g is determined not only by the physics behind each imaging modality, but also by its recording capabilities, including resolution limitations, data filtering, and sensitivity. Although the perfusion-related response, p(f[x]), should be identical whether imaging with fMR imaging, PET, or OIS, the maps produced can be different because the function g is different for each modality. It is important to consider a final function h-that is, h(g[p{fϽxϾ}])-to account for human analysis and interpretation, which can result in different maps and interpretations despite the same underlying signal. Finally, when imaging is performed in diseased individuals, one must consider how the presence of pathological entities may affect each of these functions and the subsequent interpretation of functional brain maps. We must untangle this complex function by characterizing the factors that influence each of these functions.
Several critical questions emerge from this complex problem for the neurosurgeon. How closely do these perfusion-dependent brain maps reflect the underlying "true" brain map? What part of the hemodynamic response (that is, blood volume changes, blood flow changes, hemoglobin oxymetry changes) is most reliable for brain mapping? How does an adjacent pathological entity affect the hemodynamic signal? What tasks are most appropriate for creating brain maps for neurosurgical guidance? How useful are perfusion-dependent maps for determining outcomes?
Robustness of Neurovascular Coupling
Although it has long been assumed that neuronal activity and functional perfusion are closely related, the robustness of the coupling mechanisms remains unclear, especially in disease states. The authors of several animal studies have addressed this question by comparing perfusion-related signals with electrophysiological measurements, indicating that functional CBF and oxygenation changes scale linearly with changes in neuronal activity. 40, 46, 54, 69 The results of these studies lend credence to the accuracy of BOLD fMR imaging for brain mapping. Some authors have recently reported that functional ce- Fig. 1 . Classification of brain mapping modalities. Brain mapping modalities can be broadly divided into two categories: disruption-and activation-based techniques. Perfusion-dependent brain mapping represents a subset of activation-based techniques. EEG = electroencephalography; EP = evoked potentials; ESM = ECS mapping; LDF = laser Doppler flowmetry; NIRS = near-infrared spectroscopy; TMS = transcranial magnetic stimulation. Fig. 2 . Cascade of functional brain mapping functions. The mapping signal observed and reported is actually not a "true" map of neuronal activity. Rather, it is a product of a series of complex functions, including, for example, the coupling of neuronal activity and local cerebral perfusion, or neurovascular coupling (p). To better understand how functional brain maps relate to underlying "true" maps, it is critical to characterize the robustness of neurovascular coupling under different stimulus conditions as well as to understand better the origin of different modalities' brain mapping signals.
rebral blood volume changes also correlate well with underlying neuronal activity and may offer the advantage of higher contrast-to-noise ratio than other mapping signals. 69 The simple linear relationship between neuronal activity and hemodynamic responses, however, does not hold true under all circumstances. These exceptions to linearity may eventually limit the application of perfusion-dependent modalities. Blood, working with colleagues 6 and with Toga, 7 for example, found that perfusion-related responses are both spatially and temporally modified by activation of nearby cortices. Several groups have also reported a nonlinear neurovascular relationship for brief periods following activation, or hemodynamic refractory periods. 1, 11 There are also reports of measured neuronal activity (as measured by single-unit recordings) in the absence of detectable functional perfusion changes. 2 The lack of detectable perfusion changes may be due to preferential sensitivity of CBF changes to large-population responses or may be due to limitations in instrument sensitivity to small perfusion changes. It is imperative not necessarily to interpret the lack of functional perfusion activations as a lack of neuronal activity, especially in the presence of disease.
In addition to nonlinearities, it is also important to recognize that both excitatory and inhibitory neuronal firing activities are energy-demanding processes requiring oxidative metabolism that can trigger functional perfusion changes. 2 Therefore, a hemodynamic response may in fact represent an increase in inhibitory activity or excitatory firing; it may be difficult to differentiate between the two scenarios.
Spatial Resolution and Specificity of Perfusion Signals
Although perfusion-dependent brain mapping signals generally colocalize using electrophysiological maps, as measured with field potentials, single-unit recordings, and ECS mapping, 5 ,45,60 the colocalization is not always precise. Most notably, hemodynamic signals are often much larger in spatial extent than areas of cortical electrophysiological activity. This phenomenon of "spread" has also been observed in the rodent somatosensory cortex in response to whisker stimulation. 12, 26, 44 The hemodynamic spread may be due to several factors including the following: 1) subthreshold neuronal activity that occurs in adjacent cortices; 76 2) the detection of both essential and secondary cortices (whereas ECS mapping only detects essential areas); 60 3) a nonexact colocalization of perfusion signals and electrophysiological activity due to imprecise physiological and anatomical coupling of neuronal activity, metabolism, and perfusion; 14 or 4) a combination of these and other factors. Although the spread of the perfusion-related signal depends on the precise hemodynamic component being mapped, it is a uniform principle across all hemodynamic signals and contributes to the lack of specificity of perfusion-based brain mapping signals.
The different components of the functional perfusion also differ with respect to the localization of the signal relative to active cortex, thereby affecting signal specificity and reliability. In the case of BOLD fMR imaging, depending on the image sequence used, the signal often deviates toward adjacent sulci that contain draining veins (Fig. 3) . 10, 36, 59 The sulcal localization suggests that the positive BOLD fMR imaging signal may not always be very specific, thus emphasizing changes occurring in nearby vasculature rather than within the cortex. 14, 21, 36, 59 Alternative mapping signals have been suggested such as the "initial dip" 50, 78 and cerebral blood volume changes, 69 which may offer a more precise colocalization with electrophysiologically active cortex. These mapping signals, particularly the "initial dip," however, remain controversial and may not ultimately be useful for clinical brain mapping. 34, 77 Despite the reported spatial imprecision, fMR imaging mapping signals are still clinically useful and have been shown to correlate spatially with electrophysiologically active cortex. 60 To achieve spatial colocalization, however, a "sphere of influence" of fMR imaging activity must be assumed (~0.5-1 cm) to achieve high correlation rates. 17, 41, 60, 61, 64 Because of the spatial imprecision of fMR imaging, especially when whole-head imaging is conducted, and because perfusion responses are ultimately dictated by neurovascular architecture, it is important not to overinterpret small differences in spatial extent or lack of difference in spatial extent as representing a clear difference or a lack of difference, respectively, in activation patterns.
Effect of Pathological Entities
The aforementioned challenges have largely been encountered when mapping is performed in healthy individuals and in those afflicted with disease. Brain mapping in neurosurgical populations, however, poses unique challenges because the presence of disease adds several levels of complexity to interpreting the maps obtained. files, modify neurovascular coupling mechanisms, influence baseline perfusion characteristics, and produce imaging artifacts, which makes interpretation of perfusionbased brain mapping challenging.
Still, the effect of lesion(s) on hemodynamic responses remains controversial. Several investigators have concluded that both the presence of brain tumors and the distance of brain tumors from the area of activation significantly alter perfusion response magnitudes. 29, 35, 68 Others have reported that these factors do not alter functional perfusion capacities. 63, 66 We recently found that functional activations, which correlate with intraoperative ECS mapping, can consistently and reliably be measured adjacent to, but not within, vascular malformations (Fig. 4) . 60 One possible explanation for the discrepancies is that reports of abnormal fMR imaging activations adjacent to lesions may represent cases in which the pathological entity has infiltrated the cortex of interest and therefore altered normal cortical function, cerebral hemodynamics, or both. Ultimately, it is likely that the effect of disease on functional perfusion depends on its nature, location, and task. These conflicting results highlight the fact that clinicians need to be aware of this potential confounding factor when interpreting perfusion-based functional brain maps in patients with neurological disease.
In addition to the potential effects of intracranial lesions on neurovascular coupling, other patient-and disease-related factors may also alter functional perfusion dynamics. Physiological conditions that may alter hemodynamics include hypercapnia, hypoxia, and hypertension. 9, 13 For example, Schmitz and colleagues 67 showed in an animal model that brief exposure to hypercapnia can alter functional hemodynamics without changing electrophysiological responses. Similarly, Cohen and colleagues 13 demonstrated that the arterial partial pressure of carbon dioxide decreased both the magnitude and temporal dynamics of the BOLD fMR imaging-based response at 7T. In fact, hypercapnia has been used as a means of contrast enhancement in functional perfusion-dependent brain mapping studies. 3 This underscores the fact that the confounds introduced by imaging in diseased populations in most cases probably prohibit direct comparisons between activation patterns in diseased and healthy populations as well as between two populations with different diseases.
The presence of intracranial disease also complicates perfusion-based brain mapping by introducing susceptibility artifact during fMR imaging. Susceptibility artifact is caused by magnetic field inhomogeneities, often found at tissue interfaces and resulting from differences in magnetization properties (even in healthy individuals). It is a particular problem in the inferior temporal lobes and the inferior medial frontal lobes, which are adjacent to airfilled sinuses, making it difficult to identify activity-related change in these areas. In patients harboring arteriovenous malformations and cystic tumors additional susceptibility artifacts are often observed adjacent to their lesions, making it difficult to identify functional activations in the affected areas. Lack of signal in these areas, however, does not indicate lack of activity, but rather lack of sensitivity. Alternate imaging sequences and imaging protocols have been proposed to overcome these susceptibility artifacts, especially when imaging is performed in a region with an adjacent pathological entity, but are beyond the scope of this review.
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Experimental Design and Analysis
Perfusion-dependent brain maps are generated by contrasting two conditions: control and activations. Creating maps by contrasting two conditions assumes the following: 1) a hierarchical organization of brain function; 2) that the investigator can accurately decompose a complex task; and 3) if "rest" is used as a control, then cognitive activity and brain function are insignificant during rest conditions. It is important to appreciate these assumptions and their implications for perfusion-dependent brain mapping, especially in the clinical setting, where errors in task de-N. Pouratian, et al. sign and interpretation may ultimately harm patients. It is also important to be aware of these assumptions because all of them have been called into question in the past decade.
In the assumption of hierarchical organization of brain function it is stated that cognitive functions linearly summate to produce the observed functional perfusion signal. It precludes the possibility that cognitive functions may interact to produce a unique output based on the combination of tasks, which is a point that has been repeatedly challenged. Similarly, the assumption that investigators can accurately decompose a task has been challenged. Not all individuals will use the same strategy to perform a task, nor can we easily deduce all the cognitive processes that are required to complete a given task function. This is even more difficult in a clinical population in which there may be subclinical or overt cognitive deficits that may alter the strategies used to perform a task. Sidtis and colleagues 71 addressed these two assumptions and found that the condition of additivity necessary to decompose complex tasks was not present in their data, calling into serious question subtraction methodology and the assumption that we can accurately decompose tasks.
Finally, the question of appropriate control task selection has become paramount, especially in clinical populations. Stark and Squire 73 found that identifying functional activity intimately depended on the control condition used. They concluded that "rest" does not mean that the brain is quiescent; the brain is cognitively active even during rest. The results of these studies highlight the fact that perfusion-dependent brain mapping merely indicates if there is a significant change in perfusion relative to baseline data. The selection of appropriate baseline tasks can therefore be especially challenging in clinical populations because baseline cerebral perfusion may be altered.
It is not only important to design the mapping protocol carefully, but to develop an appropriate means of analyzing the maps. Perfusion-related brain mapping signals can be quantified broadly into the following two dimensions: spatial extent and magnitude of activation. Calculating activation size, by means of counting pixels, has become the most common approach to quantifying fMR imaging-based activity, especially in the clinical setting. This approach, however, has several limitations. Because pixel counting has been shown to be remarkably susceptible to noise, it may not be an accurate or precise way of quantifying relative fMR imaging activation. 15, 31 Moreover, this methodology does not account for differences in the magnitude of activation at activated pixels. What if, for example, an equal number of pixels are activated in a given region of interest during two different tasks but the mean magnitude of activation was threefold greater during one task? Should one conclude that the two tasks equally activate the region of interest? Clearly, one must be cognizant of the different measures of functional perfusion and interpret brain map findings that appear similar in spatial extent with caution because the underlying activity may still be significantly different.
In addition to signal quantification, other analysis strategies have also been devised to increase both the sensitivity and specificity of perfusion-dependent mapping for clinical purposes. For example, a conjunction analysis has been devised to identify low-level activity that appears consistently across multiple related tasks. 8, 60 By using a low statistical threshold for each individual map, conjunction analysis minimizes the probability of eliminating functionally significant voxels caused by noise, which effectively reduces false-negative results. By requiring that the same voxel must be active across multiple tasks, however, this analysis minimizes false-positive results by ensuring that only functionally significant voxels are considered in the final analysis.
There are other concerns with regard to task design and analysis that are critical to consider but do not specifically pertain to the perfusion-based nature of brain mapping and so are beyond the scope of this review. These concerns include appropriate choice of task based on location and function that is to be mapped, selection of tasks of a suitably difficult level to map desired functions, and selection of within subject compared with group analysis techniques.
Applying Maps to Surgery
Even if perfectly accurate and reliable maps could be generated preoperatively, the challenge of how to incorporate these preoperative maps into the intraoperative environment remains. The challenge arises from the fact that because the brain shifts after craniotomy and dural reflection it assumes a different geometric shape than was demonstrated preoperatively. Unfortunately, despite undertaking several studies, several groups have not yet been able to model accurately how the brain shifts. 28, 47 We anticipate that this problem will be overcome by incorporating preoperative functional maps into the computerized neuronavigation system, integrating the preoperative functional maps with the intraoperative MR imaging environment, and using warping techniques to fit the preoperative functional maps into the intraoperative brain space. 51, 74, 75 The second issue relates to the length of time before a surgery that preoperative functional mapping can be performed. Unfortunately, no studies to date have been conducted to investigate this very important question. Future studies will be required to address this issue.
CONCLUSIONS
Perfusion-based mapping offers a noninvasive and relatively rapid means of mapping the human brain. Nonetheless, several unknown factors remain with respect to the underlying complex functions that produce the final functional map. These challenges are further complicated in diseased populations in which we have an even more incomplete understanding of the pathophysiological workings of the brain. These unknown variables make it difficult to generalize our findings and protocols in healthy to unhealthy individuals.
Although it is important to acknowledge and investigate neurovascular coupling mechanisms and the indirect nature of perfusion-based mapping, the precision and exact mechanisms mediating coupling may be unimportant in the clinical setting. The more important coupling is between hemodynamic signal localization and clinical outcomes. Because long-term outcomes are ultimately the most important variable in clinical neurosurgery, studies 27 which characterized clinical outcomes relative to distance of resection from essential language sites as defined by ECS mapping, need to be performed across different tasks and cortices to determine the best approach to clinical perfusion-based functional brain mapping.
At our institution, we regularly and successfully map motor and language cortices in patients scheduled for neurosurgical intervention near eloquent cortices by performing preoperative BOLD fMR imaging; we confirm the preoperative maps by using intraoperative ECS mapping. Because of the importance of preserving eloquent function, if perfusion-dependent maps are being obtained for neurosurgical guidance currently, it is imperative to verify their precision intraoperatively by using ECS mapping to ensure preservation of eloquent function until appropriate outcomes studies are conducted.
APPENDIX 1
The following model represents a working hypothesis for the hemodynamic events following neuronal activation in their most widely accepted form. The oxidative metabolism of active neurons initially results in oxygen extraction from and an increase in relative deoxyhemoglobin concentration (Hbr) in surrounding tissues and capillaries, initially appearing within 100 to 300 msec and peaking 0.75 to 2 seconds following activation onset. 24, 30, 42, 43, [48] [49] [50] 78, 81 Neuronal activity also triggers an increase in local CBF, which begins near the site of neural activity in small arterioles, the primary resistance vessels, and propagates retrograde to larger vessels, peaking at 2 to 4 seconds. An influx of oxygenated arterial blood rapidly reverses local tissue oxygenation, greatly overshooting baseline, and resulting in relative hyperoxygenation, peaking at 3 to 6 seconds. As the inflowing blood drains into the venous system, these later oxygenation changes occur in medium to large veins. 
